Introduction
In the bone marrow (BM), hematopoietic stem cells (HSCs) reside in specialized niches in close proximity to bone and endosteal osteoblasts [1, 2] . Here, under normal physiological conditions, HSCs are kept in a relatively low proliferative, quiescent state, protecting them from stress, such as accumulation of reactive oxygen species (ROS) and DNA damage, and preventing their depletion due to excessive proliferation [3] [4] [5] . Recent data imply that HSCs reside in areas that are hypoxic, i.e., niches low in oxygen content. Furthermore, it has been demonstrated that vascular cells can secrete signals that regulate HSC maintenance [6] [7] [8] . Despite that the BM is extensively vascularized, it appears that the nature of the vasculature where HSCs reside is mainly of a sinusoidal type, characterized by slow blood flow that contains venous and poorly oxygenated blood. In this way, HSCs would benefit from the local hypoxic microenvironment by being protected from potentially harmful oxygen species. Indeed, two recent studies agree with this notion, and thus HSCs from mouse BM are the most positive for binding of the hypoxic probe pimonidazole [9] , which coincides with low levels of intracellular ROS [10] . Using pimonidazole as a marker for hypoxia, it has also been shown that hypoxic areas in the BM seem to correlate with the endosteal space [11] . Furthermore, slow-cycling cells are located in hypoxic regions containing sinusoids without capillary structures [12] . Collectively, these studies suggest that HSCs are predominantly located at the lowest end of an oxygen gradient in the BM.
At oxygen levels above 5%, the transcription factor subunit HIF-1 is sensitized for degradation by hydroxylation of two prolyl residues (P402 and P563) mediated by oxygen dependent prolyl hydroxylases [13, 14] . Once stabilized in hypoxia, HIF-1 translocates to the nucleus where it associates with the constitutively expressed HIF-1β subunit and activates transcription of target genes such as vascular endothelial growth factor (VEGF) involved in angiogenesis as well as genes involved in cell cycle regulation, cell survival, and cellular metabolism.
Several lines of evidence indicate that HIF-1 inhibits cell growth in certain cell types including embryonic stem cells, possibly by affecting the expression of cyclindependent kinase (CDK) inhibitor genes, also implied in the maintenance of HSCs [15, 16] .
While concordant studies have shown distinct effects of hypoxia on some
HSCs and progenitors [17] [18] [19] [20] [21] , no study has been performed with phenotypically defined mouse HSCs, neither has the molecular programme of HIF-1 been investigated in highly enriched HSCs. In the present study, we cultured FACS-sorted µg Sequabrene/mL (Sigma Aldrich). BM cells were transduced using Retronectin™ (Takara, Tokyo, Japan). GFP + cells were sorted on a FACSAria (BD Biosciences).
5-FU Treatment
5-fluorouracil (5-FU) was administrated to mice intraperitoneally at a dose of 150 mg/kg 4 days prior to harvest of BM.
In vivo Reconstitution Assay
LSK cells from B6.SJL mice (CD45.1) were cultured for 4 days in normoxia or hypoxia. For transplantation, the culture equivalent to 2,000 initially plated LSK cells along with 2 x 10 5 freshly isolated BM competitor cells from C57BL6/J mice (CD45 .2) were injected in the lateral tail vein. C57BL6/J mice were lethally irradiated with a single dose of 9 Gy using a linear accelerator (Varian Clinac 600C) (described in supplementary data). 5-FU treated BM cells from B6.SJL or H2K-BCL2 mice [26] were transduced with pMy and pMy-ca-HIF-1 . For reconstitution assays, 5x10 5 - 
Statistical analysis
To determine the statistical significance unpaired t-test or non-parametric Mann- 
Hypoxia maintains the stem cell potential of LSK cells and increases the proportion of long term-reconstituting HSCs in vitro
Because it has been demonstrated that the G 
(B) Same experiments as in (A), but the engraftment potential 16 weeks post transplant was considered in relation to the number of cells injected (*p<0.05). (C) Lymphoid and myeloid engraftment in peripheral blood 14 weeks post transplant of equal input cell number. Lymphoid cells were detected with anti-CD19 and myeloid cells were detected with anti-Mac-1 and anti-Gr-1 antibodies.

Stabilization of HIF-1 elicits anti-proliferative effects
To clarify if HIF-1 was involved in the hypoxic effects on proliferation, we constructed a retroviral GFP vector containing constitutively active HIF-1α (caHIF-1). This cDNA carries two point mutations at positions P420 and P563, which when substituted to 
. Ba/F3 cells retrovirally transduced with constitutively active HIF-1 or empty vector were cultured in hypoxia or normoxia for 24 hours. Cell cycle analysis was performed after labeling with propidium iodide by flow cytometry. The figure shows mean (SD) values of three experiments. (B) CFSE-labeled LSK cells were cultured in IMDM with 3% FBS and treated with 20µM FG-4497 (filled black) or DMSO (filled grey, dotted) for 3 days. (C) Quantitative RT-PCR for p21
Cip1 , p27 Kip1 , and p57
Kip2 was performed on LSK cells stably transduced with shRNA to HIF-1α, sorted for GFP expression, and then cultured for 24 hours in normoxia or hypoxia. Bars represent mean (SEM) values from triplicates from 2-3 independent experiments.
HIF-1α is required for expression of p27
Kip1 and p57
Kip2
We next analyzed the consequence of HIF-1 -silencing on proliferation by constructing a GFP lentiviral vector containing a short hairpin RNA (shRNA) targeting HIF-1α. This construct suppressed HIF-1 expression in LSK cells by 75±5% in normoxia and by 68±9% in hypoxia (Supplementary figure S3) . We then determined if upregulation of CDKI genes during hypoxia was mediated by HIF-1. While expression of p27 Kip1 and p57 Kip2 was notably decreased in both normoxic and hypoxic conditions in HIF-1 -silenced LSK cells, no difference in p21 Cip1 expression was detected ( Figure 3C ), implying both HIF-1-dependent and -independent hypoxic effects on cell cycle regulation.
Persistent stabilization of HIF-1 reduces the reconstituting ability
Because pharmacologically stabilized or constitutively active HIF-1 was able to execute hypoxic effects in normoxia, we decided to investigate the reconstitution 
Bcl-2 fails to rescue engraftment of caHIF-1α expressing HSPCs
To exclude that cells expressing HIF-1α were lost in transplanted animals due to apoptosis, we performed transplantation experiments with caHIF-1 -transduced cells Figure 5B ). Thus, the negative effect of ca-HIF1 overexpression cannot be rescued by Bcl-2 and is unlikely due to apoptosis. 
Discussion
In this study, we have investigated the consequence of hypoxia on in vitro culture of transplantable HSCs as well as the molecular mechanisms by which HIF-1 affects HSCs. We found that hypoxic culture of HSPCs in serum free media with TPO, SCF, and IL-6 preserved the stem cell capacity. Although beneficial effects of hypoxia on mouse HSCs have been suggested before [17, 20] , previous studies were performed with total BM cells and with cytokines known to negatively affect HSCs expansion such as IL-3. We now extend this to include purified LSK cells, containing both long Because quiescent cells in the BM are most abundant in the hypoxic region close to the endosteal surface, and in association with sinusoids and distant to capillaries [12] , it seems that hypoxia could be a critical regulator to maintain HSCs.
We detected an upregulation of p21 Cip1 in LT-HSCs cultured in hypoxia. 
Lethally irradiation of mice
Mice were irradiated in a cage with two opposed fields, using a linear accelerator (Varian Clinac 600C) with a 6MV spectra to a total absorbed dose to water of 9Gy, single fraction. The absorbed dose was precisely determined, in accordance with IAEA TRS 398, ref [1] , by measurements in a small water phantom positioned at the centre of the cage. The expanded combined uncertainty was 3.0% (coverage factor
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